ABSTRACT Manure belt poultry houses were widely used for egg production. However, reliable spatial distribution of airborne bacteria data from long-term onfarm monitoring in manure belt houses are scarce. In this study, the airborne bacteria were collected by the Andersen air microorganism sampler in a 4 tiers and an 8 tiers layer house, respectively. Results revealed that the airborne bacteria concentration range from 565 ± 247 CFU/m 3 to 12,118 ± 883 CFU/m 3 inside the 4 tiers poultry farmhouse and 459 ± 247 to 12,966 ± 884 CFU/m 3 inside 8 tiers poultry farmhouse, respectively. The average airborne bacterial concentrations in the 4 and 8 tiers manure belt houses were 4,527 ± 2,509 and 5,489 ± 2,579 CFU/m 3 , respectively. Significant spatial variations of airborne bacteria concentration were observed for both houses. Spatial distribution of airborne bacteria concentration along the long axis direction can be divided into 3 regions: the low concentration region (<6,000 CFU/m 3 ), the transition region (6,000-10,000 CFU/m 3 ), and the high concentration region (>10,000 CFU/m 3 ), and airborne bacteria concentration was symmetrically distributed along the short axis direction inside both houses. We used 5 and 3 sampling locations to assess the average and maximum airborne bacterial concentration inside the manure belt houses, respectively. The average airborne bacteria concentration of 3 sampling locations was closest to the maximum concentration of both houses. It is more useful to use 3 sampling locations to monitor the change of the maximum airborne bacterial concentration inside the manure belt houses.
INTRODUCTION
High concentrations of airborne bacteria inside poultry houses can not only cause birds' disease but also have potential threats to human health, such as respiratory disorders (Brauner et al., 2017) . Commercial manure belt poultry houses were used in the large-scale farmed production system, birds were raised in 4 or 8 tiers cages, and manure was collected on plastic belts under each tier of cages. This kind of farmhouse often consists of wet curtain cooling pads on the wall at one end and a set of exhaust fans on the wall at the other end (Figures 1 and 2 ). Significant variation of environmental parameters inside these houses was caused by negative pressure ventilation, including ammonia, nitrous oxide, carbon dioxide, and methane (Miles et al., 2006) . Previous study observed that the high concentration regions of dust concentration corresponded to stagnant region of airflow. Tunnel ventilation results in different environmental parameters at different locations inside the manure belt poultry houses, including wind speed, temperature, dust, etc. Airborne bacteria count in the poultry houses was positively related to particulate matter mass concentration (Zheng et al., 2013b) . Studies show that the dust concentration inside these houses increase from the air inlet to the air outlet, which is due to the dust accumulation caused by tunnel ventilation. A series of studies have previously been performed on composition of air inside the poultry houses, such as ammonia, hydrogen sulfide, carbon dioxide, particulate matter, etc. (Miles, Owens and Rowe, 2006; Nimmermark et al., 2009; Dekker et al., 2011) . It is confirmed that carbon dioxide and ammonia emissions could be affected by manure accumulation time in poultry houses; manure belt style farmhouses Figure 1 . Illustration of the internal and external views of a 4 tiers manure belt poultry house. Laying hens were housed in 4 rows of 4 tiers curtain back cages, air entered from the cooling pads in the front end wall and was pulled out by the ventilation fans. Four batteries of 4 tiers cages were arranged evenly inside the house. Figure 2 . Illustration of the internal and external views of an 8 tiers manure belt poultry house. Laying hens were housed in 4 rows of 8 tiers curtain back cages, air entered from the cooling pads in the front end wall and was pulled out by the ventilation fans. Four batteries of 8 tiers cages were arranged evenly inside the house.
have significantly improved in air quality and reduced ammonia emissions compared with traditional high-rise poultry houses system (Shepherd et al., 2017) . Meanwhile, previous study found that the PM 10 concentration in these houses was only 45 to 53% of that in highrise poultry houses and PM 10 emission rate of these houses was only about 62% of that of the high-rise poultry houses. Study on airborne bacteria in these houses mainly focuses on air bacteria disinfection (Zheng et al., 2012 (Zheng et al., , 2013 Zhao et al., 2014) . There is hardly any research on the spatial distribution of airborne bacterial concentrations and the evaluation of air bacterial concentrations inside these houses.
Airborne bacteria concentration is influenced by many factors, such as building design, temperature, bird condition, manure management, and ventilation (Xin et al., 2011) , of which ventilation is believed to be the most important factor regulating farmhouse environment and airborne bacteria concentration. The average concentration of total suspended particle (TSP) could reach 0.99 mg/m 3 inside these houses (Almuhanna, 2013) , and TSP were significantly affected by animal species, building type, feeder type, and season (Yang et al., 2015) .
There was an increasing interest in improving air quality for animal feeding operations and reduce production and emission of air pollutants in the 21st century (Ni, 2015) . Long-term work in high-concentration bioaerosol environment has been associated with health deterioration among employees in several occupational environments (Rendon et al., 2017) . To mitigate the emissions of airborne particulate matter and airborne bacteria, it is necessary to implement science-based control strategies and monitor procedures for poultry producers (Wood and Van Heyst, 2016) . However, knowledge gaps still exist regarding the effect of ventilation on spatial distributions of airborne bacteria, the latter of which affect the health and performance of birds. Therefore, research on spatial and evaluation airborne bacteria of these houses is a guarantee to creating a good environment for chicken breeding.
The purpose of this study is to investigate the spatial distribution of airborne bacteria concentration and provide valuable information on the effect of air sampling methods on the assessment of airborne bacterial concentration inside manure belt poultry houses. We used 5 and 3 sampling locations to assess the average and maximum airborne bacterial concentration inside the manure belt houses, respectively. The average airborne bacteria concentration of 3 sampling locations was closest to the maximum concentration of both houses. It is more useful to use 3 sampling locations to monitor the change of the maximum airborne bacterial concentration inside the manure belt houses.
MATERIALS AND METHODS

Manure Belt Poultry Houses
The measurements were taken in 2 commercial manure belt layer houses with negative ventilation (Figure 1 and 2), birds were raised in 4 or 8 tiers cages and manure was collected on plastic belts under each tier of cages. Four tiers poultry farmhouse had 4 90-m long rows of cages with capacity of housing approximately 30,000 laying hens, and 8 tiers farmhouse is twice the height of 4 tiers poultry farmhouse and is capable of raising 60,000 laying hens. Air came in through the evaporative cooling pad on the front end wall and the evaporative cooling ran when the ambient temperature was higher than 30
• C. Air was exhausted at the other end by 10 (4 tiers house) and 20 (8 tiers house) 1.25-m diameter axial exhaust fans (model XLXS, 1,100 W, air flow 44,000 m 3 /h, Qingdao Big Herdsman Mechanical Co., Ltd, Qingdao, China), respectively. Each cage width is 2 m and between the cages are 1-m pedestrian walkways. Manure was collected on manure belts under each tier of cages and then removed out of the houses. The belt system was manually operated in the morning each day. Drinking water system will automatically provide drinking water according to the birds' need. Feed was distributed at 8:30 am, 10:00 am, and 3:30 pm every day. The light was turned on at 4:30 am and turned off at 8:30 pm (16-h on and 8-h off). The automatic control system uses the evaporative cooling pads and ventilation fans to keep the inside temperature and humidity suitable for the growth of laying hens, generally ensuring that the temperature does not exceed 26
• C and the humidity is around 60%.
Sampling Devices
The Andersen sampler has been widely used to monitor the bioaerosols in different environments (Zhao et al., 2011; Zheng et al., 2014) . In this study, a multistage percussive Anderson microbial air sampler (Model S6, Sennon Technology Development Co., Ltd., Beijing, China) was used to collect airborne bacteria inside the farmhouse. Anderson microbial air sampler used in this study has six different stages with different size of aperture level. Before the experiment, each stage should be placed in a petri dish with about 20-mL sterile trypticase soy agar-yeast extract (Qingdao Hope Bio-Technology Co., Ltd, Qingdao, China) inside. When Anderson microbial air sampler starts working, the instrument pumps air along with the airborne bacteria into the sampling device. When the bioaerosols flow through the instrument, airborne bacteria together with the particulate matter impact nutrient agar. After collecting the air of each sampling point, petri dish inside the sampler will be taken out. Airborne bacteria left on trypticase soy agar-yeast extract will grow and form colonies in the incubator at 37
• C for 24 h. The number of colony-forming units (CFU) on each Petri dish was counted to calculate the airborne bacterial concentration. In this study, the samples have been set in advance to make sure the total sampling time is 1 min and total amount of air is 28.3 L at each sampling point.
Sampling Site and Procedure
To outline spatial distribution characteristics of concentration of airborne bacteria inside the farmhouse, grid sampling was made at 50 collection points. The location and height of sampling points at each row inside 4 and 8 tiers manure belt poultry farmhouse are shown in Figure 3 . Sampling points are distributed in the 5 walkways between the 4 cages; 10 sampling points at each walkway are distributed equidistant from evaporate pad to ventilation fans, the height of each sampling point is 1.5 m from the ground and the height of the sampling points close to the height of a normal person's breathing. It takes 10 min to sample airborne bacteria at each sampling point using a Anderson microbial air samplers, in which 5 min are for the instrument moving, 1 min for sampling air, and 4 min for sample preparation.
We used 5 and 3 sampling locations to assess the average and maximum airborne bacterial concentration inside the manure belt houses, respectively. To assess the relative efficiencies of 2 air sampling methods for the quantification of airborne bacteria concentration inside manure belt poultry farmhouse, 5 repeated tests were carried out and the data were expressed as means ± SD. The height of all sampling points is 1.5 m from the ground. Sampling method 1 consists of 5 sampling locations and sampling method 2 consists of 3 sampling locations (Figure 4 ). Standard 9-cm diameter petri dish was used in the experiments, the total amount of air flowing through the sampler was 28.3 L and about 20 mL sterilized agar yeast extract was added to each culture medium before the experiment. In order to ensure the accuracy of the experiment, airborne bacteria sampling were administrated starting at 11:30 am in all the sampling days (10 days total), average concentrations at each sampling location were calculated using data from 5 measurements. During the tests, the temperature inside the poultry houses varies from 18 to 22
• C. The whole experiment was carried out in the summer in 2016, from July to August.
Airborne Bacteria Concentration Calculation
CFU data of each of the agar medium can be calculated by calculating the number of colonies on the medium, the concentration of bacteria can be calculated by the following equation:
where C represents the concentration of airborne bacteria, N represents the total number of colonies on 6 agar plate, Q is the airflow rate through the sampling impactor (28.3 L/min), and t represents the entire sampling time (1 min).
Data Statistics Analysis
Spatial distribution of airborne bacteria concentration was evaluated visually using MATLAB 2014a software (The Mathworks, Inc., Natick, MA, USA). In this study, piecewise cubic interpolant was used to estimate the best value between the sampling points to complete the surface distribution profile and contour plots of airborne bacteria concentration. Statistical analysis was completed using SAS University Edition software (SAS Institute Inc., Cary, NC, USA). Tukey's studentized range test was used to determine the significant differences of airborne bacteria between any 2 walkways inside the farmhouse. Significance was set at P < 0.05 and it was also used to determine the significant differences among the airborne bacterial concentrations between 4 tier and 8 tier farmhouse. GraphPad Prism 6 for Windows (GraphPad Software, La Jolla, CA) was used to create line chart of airborne bacteria concentration.
RESULTS
Uneven Distribution of Airborne Bacteria
By grid measuring at 50 sampling points (Figure 3) , average airborne bacteria concentration was obtained at each sampling location. Airborne bacteria concentration presented an increased trend at first and then decreased trend in all 5 walkways at both houses (Figures 5 and 6 ). Statistical analysis showed that airborne bacterial concentrations had significant differences among 5 walkways inside both houses (P < 0.05). Airborne bacteria concentration ranges from 565 ± 247 to 12,118 ± 883 CFU/m 3 inside 4 tiers poultry house and 459 ± 247 CFU/m 3 to 12,966 ± 884 CFU/m 3 inside 8 tiers poultry house, respectively. In addition, the highest concentration of airborne bacteria in both houses was located at the 8 sampling site (75 m away from the cooling pads) on the third walkway. The average airborne bacterial concentrations in the 4 and 8 tiers poultry houses were 4,527 ± 2,509 and 5,489 ± 2,579 CFU/m 3 , respectively. No significant difference of airborne bacteria concentration between the 4 tier and 8 tier houses was observed (P > 0.05).
Spatial Variability of Airborne Bacteria
Spatial distribution and contour plot of airborne bacteria concentration in manure belt houses were illuminated in Figures 7 and 8 . Spatial distributions of airborne bacteria concentration were far from homogenous in both houses. A high airborne bacteria concentration area was located at the back end of the houses (exhaust fans were fixed at back end wall). In addition, distribution of airborne bacteria concentration along the long axis direction can be divided into 3 regions: the low concentration region (<6,000 CFU/m 3 ), the transition region (6,000-10,000 CFU/m 3 ), and the high concentration region (>10,000 CFU/m 3 ). The low concentration region was located in the region between 0 and 40 m along the long axis, the transition region was located in the area between 40 and 70 m along the long axis, and the high-concentration region between 70 and 100 m along the long axis. Finally, the concentration of airborne bacteria is symmetrically distributed along the short axis direction, and the concentration of airborne bacteria in the middle of the short axis is higher than that of the 2 sides. Both of the 4 and 8 tiers manure belt farmhouse have the same spatial distribution of airborne bacteria concentration (P > 0.05), indicating that effect of the height of the houses on spatial variation of airborne bacteria concentration was limited.
Assessment of Airborne Bacteria Concentration
Five repeated tests were carried out and the data were expressed as means ± SD (Figure 9 ). The statistical analysis showed that there was a significant difference between the sampling method 1 and the sampling method 2 (P < 0.05). The average airborne bacterial concentrations of the sampling method 1 in the 4 tiers and 8 tiers farmhouse were 3,462 ± 706 and 3,850 ± 883 CFU/m 3 , respectively. The average value of the sampling method 2 was 12,047 ± 1484 CFU/m 3 in 4 tiers farmhouse and 12,259 ± 1130 CFU/m 3 in 8 tiers farmhouse, respectively. The maximum, upper quartile, median, lower quartile, and minimum values of airborne bacteria concentration in both houses are shown in Figure 10 . Results showed that average value of sampling method 1 was just about 76.5% of the average value (4,527 ± 2,509 CFU/m 3 ) in 4 tiers farmhouse and 70.1% of the average value (5,489 ± 2,579 CFU/m 3 ) in 8 tiers farmhouse. The average airborne bacteria concentration of sampling method 2 was closest to the maximum concentration of both houses, 99.3% of the maximum airborne bacteria concentration (12, 118 ± 883 CFU/m 3 ) in the 4 tiers farmhouse and 94.5% of the maximum airborne bacteria concentration (12, 966 ± 884 CFU/m 3 ) in the 8 tiers farmhouse. To monitor the changes of airborne bacteria concentration in manure belt poultry farmhouse, it is more useful to monitor the change of the maximum airborne bacterial concentration inside the houses. Compared with the sampling method 1, the sampling method 2 is more suitable for the evaluation of airborne concentration inside enclosed poultry houses equipped with ventilation fans.
DISCUSSION
Significant spatial variations of airborne bacteria concentrations in these houses were observed. Previous study found the dust was also inhomogeneously distributed in the ventilated airspace inside the houses; dust particles concentration varied as much as 30-fold between the lowest and the highest within the houses (Ikeguchi, 2000; Wang et al., 2000) . In this study, the maximum concentration of airborne bacteria is 21 times the minimum inside 4 tiers poultry farmhouse and 28 times the minimum inside 8 tiers poultry farmhouse. Furthermore, along the long axis direction (from cooling pads to ventilation fans), spatial distributions of airborne bacteria concentration of both houses were very similar to the previous report about the distributions of NH 3 , CO 2 , TSP, and PM2.5 (Ni et al., 2012) . The results of this study is consistent with the research on the ventilation rate impact on the spatial distribution of the dust in these houses, indicating that spatial variation of airborne bacteria has a close relationship with the spatial variation of dust particle.
The ventilation fans keep the air flowing from the cooling pads to the back end wall of the building. As the air flows, the airborne bacteria are also accumulating and form a high-concentration region inside the houses. Meanwhile, the ventilation fans can affect the environmental parameters in the poultry houses (Miles, Owens and Rowe, 2006; Wang et al., 2014; Ni et al., 2017) . It was found that the concentration of total dust and total airborne bacteria have a significant correlation with temperature and relative humidity. Meanwhile, significant correlations were also found between total dust and total airborne bacteria at the 95% confidence level (P < 0.05) (Kim et al., 2005) . The positive effects of tunnel ventilation were clearly identified, and ventilation type has significant influence on the airborne bacteria concentration (P = 0.006) in manure belt poultry houses (Banhazi et al., 2008) . In this study, the maximum airborne bacterial concentration is located at the back end of farmhouse. In addition, there was no significant difference of spatial distribution of airborne bacteria concentration between 4 and 8 tiers manure belt houses (P > 0.05), indicating that effect of the height of the houses on spatial variation of airborne bacteria concentration was limited.
A comparison of 2 air sampling methods for the assessment of airborne bacteria concentration has been performed. Spatial distributions of airborne bacteria concentration were far from homogenous in these houses. It is more useful to monitor the change of the maximum airborne bacterial concentration for the assessment of airborne bacteria concentration inside the manure belt houses. The average airborne bacteria concentration of sampling method 2 was closest to the maximum concentration of airborne bacteria.
These results are not only of great importance in relation to hens' and farm workers' safety, but also future airborne bacteria disinfection of this particular manure belt houses. Nevertheless, as seasonal variation in airborne bacteria concentrations occurs, we recommend that further studies of the changes of airborne bacteria concentration are conducted using a year round sampling period at the manure belt houses.
